Abstract-The results of an ultrawideband (UWB) measurement campaign carried out in a Hercules C-130 military cargo airplane are presented. The environment encompasses several metallic surfaces resulting in a large number of multipath components. Path-loss factor n representing the distance dependence of the channel path-loss is calculated for various frequency centers and bandwidths. A pathgain calculation model based on the concept of seperability of distance and frequency variables is proposed and comparison to measurements is given. Furthermore, time dispersion parameters, namely mean excess delay and root mean square (r.m.s.) delay spread are examined and their dependence on transmitter-receiver antennas separation is investigated. A power law is then employed to model the relation between the number of multipath components and the r.m.s delay spread. The temporal correlation between adjacent path amplitudes is found to be negligible. A modified Saleh-Valenzuela model is invoked to describe the clustering of multipaths, where a different power decay factor is used for the rays of the first cluster as opposed to subsequent clusters. Moreover, the Weibull distribution models the small scale channel fading with a lognormally distributed shape parameter. The average values of this parameter imply severe fading conditions. Finally, simulation results of the proposed statistical model are compared to measured data demonstrating reasonable agreement.
INTRODUCTION
UWB technology has been used for many decades in military and commercial communications applications. The Federal Communication Commission's (FCC) [1] power requirement of −41.3 dBm/MHz, or 75 nanowatts/MHz for UWB systems, categorizes them in as unintentional radiators. Such power restriction allows UWB systems to lie below the noise floor of a typical narrowband receiver and enables UWB signals to coexist with current radio services with minimal or no interference. One of the major advantages of the large bandwidth of UWB pulses is their improved channel capacity, allowing for a data rate of Gbps. However, due to the power limitation on UWB transmissions, such a high data rate is available only for short ranges, up to 10 meters. This makes UWB systems perfect candidates for shortrange, high-data-rate wireless applications (WPANs). UWB communications systems are capable of working in harsh communication channels with low Signal-to-Noise ratios (SNRs) and still offering a large channel capacity. The low transmission power requires that the potential eavesdropper be very close to the transmitter in order to be able to detect the transmitted information. In addition, UWB pulses are timemodulated with codes unique to each transmitter/receiver pair, thus enhancing security of UWB transmission. Therefore, UWB systems are considered highly secure, providing low probability of intercept and detection (LPI/D) communications that is critical for military operations. Moreover, UWB systems offer high processing gain due to the ratio of the RF bandwidth to the information signal bandwidth. The resulting frequency diversity gain makes UWB signals relatively resistant to intentional and unintentional jamming. UWB systems can penetrate effectively through various materials and this property makes UWB technology viable for through-the-wall communications and ground-penetrating radars. Nevertheless, the performance of a UWB communications system may still be degraded by strong narrowband interference from coexisting radio transmitters. In addition, the phenomenon of multipath is unavoidable in wireless communications channels. Although the very short duration of UWB pulses makes them less sensitive to the multipath effect, the fading severity is of great importance to the system performance. A major application of UWB technology in military multi-crew aircrafts can be an intercommunication system attached to crewmember's helmet or headset. Several mobile users form an ad-hoc network and maintain intercommunication while performing their mission duties. Moreover, such a system is autonomous in terms of power requirements allowing for uninterrupted operation. Because of the large throughput rates achieved, the potential services range from real-time communications to video applications, or radar systems and monitoring.
As with any electromagnetic wave, the propagation of UWB signals is governed by the properties of materials in the propagation medium. Thus, information on the electromagnetic properties of the areas where measurements have been made, provide valuable insight in appreciating the capabilities and limitations of UWB technology for indoor applications. A number of researchers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have studied UWB channel characteristics in commercial, industrial or in house environment using frequency-domain measurements. The author in [12] presents an overview of UWB propagation channels and their characteristics, summarizing the basic theory and techniques for measurements and modeling. The most popular model used to describe the tendency of multipath components (MPCs) arriving in clusters is the Saleh-Valenzuela (S-V) mathematical equation for the complex baseband impulse response [13] . Several modifications of this model have been proposed for the number of clusters, the paths interarrival times and the cluster decay time [14] . Furthermore, various statistical distributions have been used to model the small scale fading of the MPCs amplitudes, e.g., Nakagami, Rice, Lognormal, Weibull, Rayleigh, etc. [13] [14] [15] . In [14] the authors describe a standardized model for several typical indoor and outdoor environments. The model is based on measurement and simulation results tabulated for these environments. Recently [15] , a comprehensive overview of measurements results in indoor environments was presented, providing tables with integrated survey data. In [16] the UWB radio-wave propagation within the passenger cabin of a Boeing 737-200 aircraft is investigated. The authors provide large scale channel modeling parameters, whereas in [17] they propose a pair of statistical models that describe the UWB channel impulse responses in line-of-sight (LOS) and non-line-of-sight (NLOS) conditions. The authors in [18] study the manner the human presence affects radiowave propagation within an aircraft cabin. A narrowband study [19] in a larger aircraft yields path-loss exponent values and results on fading statistics.
The objective of this work is to examine the propagation characteristics in a military cargo airplane, where the presence of numerous metallic surfaces and the absence of plastics and wood lead to a dense channel. A Lockheed C130 Hercules airplane which was parked for maintenance, at the facilities inside the Hellenic Aerospace Industry S.A. plant was chosen for this investigation. The characterization method is based on measuring the channel transfer function (CTF), and yields a number of parameters, like the pathgain (PG), the distance dependent path loss factor n, power delay profiles (PDPs) and the number of MPCs that exist above a predefined power level, the percentage of the total energy these MPCs carry and time dispersion parameters, such as mean excess delay (m.e.d.), r.m.s. delay spread and temporal correlation between adjacent path amplitudes. A modified model is proposed for the calculation of the path-gain at specific frequencies and transmitter-receiver distance and it is compared to measurement data. The time dispersion parameters are calculated for various threshold values and an investigation of the relation of the r.m.s. delay spread to the transmit-receive antennas separation, as well as the path-loss, was performed. Subsequently, by exploiting a power law, the relation of the r.m.s. delay spread to the average number of MPCs was modeled. Another important aspect of every channel modeling activity is the investigation of the distribution function that the various channel parameters follow, offering an insight of the statistical fading behavior. In this study, a statistical-based UWB channel model is used and the clustering phenomenon of MPCs observed in the measurement results is incorporated. The model follows the Saleh-Valenzuela concepts [13] , although a modification regarding the first cluster in LOS scenarios is proposed.
The distribution of the path amplitudes is compared to some well-known theoretical distributions for amplitude statistics using the KolmogorovSmirnov (K-S) hypothesis test. The authors in [20] presented results for the path-loss characteristics for a bandwidth of 7.5 GHz with center frequency at 6.85 GHz and values for the time dispersion parameters for a threshold of −70 dB.
The remainder of the paper is organized as follows: Section 2 describes the equipment setup, the measurement and calibration procedure and the environment of the campaign. Section 3 provides the parameters estimation procedure as well as results for the distance and frequency dependent path-loss factors. These results are used to validate the proposed model for the path-gain. In Section 4 the time dispersion parameters are investigated while in Section 5 the statistical channel modeling is presented. Conclusions are drawn in Section 6.
MEASUREMENT SETUP, PROCEDURE AND ENVIRONMENT
Measurements were conducted in the frequency domain. The channel characterization method was based on measuring the CTF in the spectrum allocated by FCC for UWB signals i.e., 3.1 GHz to 10.6 GHz. The equipment used was a vector network analyser (VNA), a power amplifier, a pair of wideband antennas and a pair of low loss RF cables. In particular, the Agilent VNA model N5230A was used, which is capable of sweeping the desired frequency spectrum. Also, Electrometrics EM6865 omni-directional wideband antennas with 0 dBi gain were utilized, along with a HP8449B low noise, 30 dB gain, wideband high power amplifier. The latter is characterized by constant gain over the measured frequency band and its transfer function was subtracted from the channel measurement at the calibration stage. During the measurement campaign, the VNA was set to generate 6401 continuous wave tones that were uniformly distributed over the 3.1-10.6 GHz spectrum. The frequency step was therefore equal to 1,171,875 Hz. VNA output power level during measurement procedure was +4 dBm. Figure 1 depicts the equipment setup. The campaign consisted of 13 different LOS and NLOS measurement scenarios. For each scenario the transmitter was fixed and the CTF was measured for several positions of the receiver. The transmitter height was either 1.35 m or 2.5 m above the floor, according to the scenario. The receiver was mounted on a tripod at specific per scenario height of 1.35 m or 0.70 m above the floor. The measurements were taken with fixed antennas. The closest distance of the TX and RX antennas was 1 m, whereas the maximum distance was 14.5 m in the airplane body. Starting from 1m separation, the RX antenna was moved in steps of 20 cm or 40 cm, according to the scenario, providing multiple, spatially shifted static measurements. Figure 2 presents a sketched plan of the typical in-plane environment and the measurement setup for a specific scenario.
LOS measurements took place in the cargo cabin of the airplane (scenarios 1-10 of Table 1 ) whereas NLOS measurements were taken between crew and cargo cabin (scenarios 11-13 of Table 1 ). Table 1 provides the spatial characteristics of the measurement campaign. 
Calibration Issues
Prior to measurements in the airplane, equipment and cables calibration was performed in order to extract their influence from the measured data. Since the VNA measured the transfer function of the radio channel, it was necessary to remove the antenna effects and calculate the propagation CTF for further analysis. The measured radio channel transfer function is given by
where S meas
21
(f i ) is the measured S 21 parameter by the VNA at frequency tone f i , and 6401 frequency tones were used. This function includes the effects of both the propagation channel and the transfer functions of the transmitting and receiving antennas, i.e., where H prop (f ) is the desired CTF and H Atx (f ) , H Arx (f ) are the transfer functions of the antennas utilized. The transmitting and receiving antennas used in this campaign were vertically polarized, omnidirectional and identical, and so are the transfer functions in (2) . The antenna transfer function was measured following the procedure described in [21] . The measurement was performed in the anechoic chamber using a standard antenna with transfer function H std (f ). The antenna under test transfer function was calculated by
where Although the directional characteristics of the antenna transfer function were available in the anechoic chamber, they were ignored in order to simplify the calibration procedure. This was done by computing the average value over the horizontal plane, i.e., over the 72 azimuth samples, and over the vertical plane, i.e., over the 36 elevation samples. The propagation channel transfer function was evaluated by (2) . A short discussion on the consequences of the calibration method follows. According to [12] , in order to perfectly de-embed the propagation from the radio channel, i.e., to deconvolve the channel response and antennas, one should measure the frequencydependent double-directional channel response that accounts for the angle-of-arrival (AoA) and angle-of-departure (AoD) of each MPC and the frequency-dependent three dimensional radiation pattern of each antenna. This procedure, although theoretically accurate, is practically very hard to apply, since the implementation of the required measurement setup within the cargo cabin of the airplane was very difficult. Even if antenna arrays were used to determine the directions of the MPCs, the transmitter or receiver antenna pattern in both the azimuth and elevation planes is altered with respect to the one measured in the anechoic chamber. This change is attributed to the interaction of the antenna with the nearby conductive scatterers as well as to the varying relative distance of the two antennas during the measurement. Nevertheless, the simplified deconvolution performed is reasonable for the specific measurement environment. This is due to the rich scattering conditions in the body of the C130 airplane. A very large number of MPCs arrive from all possible directions and each resolvable MPC is composed by many partial waves. Provided that the channel is adequately triggered to produce the multiplicity of the MPCs, and because the directivity of any antenna integrated over all directions would be unity for all frequencies, the propagation channel transfer function would be statistically independent of the directional characteristics of the transmitting and receiving antennas. It should be emphasized that due to the non-uniformity of the antenna patterns, the necessary condition for this to hold is a uniform angular distribution of a large number of arriving at the receiver waves. This is a reasonable assumption for the metallic cavity where the transmitting and receiving antennas are placed in. The operation of this cavity resembles that of a reverberation chamber or a scattered field chamber producing quasi-isotropic scattering. Therefore, averaging of the antenna transfer function measured in the anechoic chamber over all angular directions for each frequency tone should be adequate for the deconvolution. The same propagation conditions were recorded in [17] , supported by similar reasoning.
PATH-GAIN MODELING
The channel path-gain is an important parameter for link budget calculation and system design, because it determines the average signal-to-noise ratio at the receiver side. It is well-known that the wideband path-gain is a function of frequency and distance. In [8, 14] it was assumed that the distance dependent path-gain P G (d) and the frequency dependent path gain P G (f ) can be considered to be independent so that the total path-gain P G (f, d) can be written as
where, according to [8, 14] , P G (f ) ∝ f −k and the distance dependence can be modelled by a conventional power law relationship, similar to narrowband channel models. In this paper, it is assumed that the total path-gain expressed in dB at a distance d and at a frequency f is given by the sum of a deterministic term and a random value as
where
is the arithmetic mean of the P G dB (d 0 ) i.e., the average path-gain at a reference distance d 0 over all frequency bins, and the P G dB (f c ) i.e., the average path-gain at the central frequency of the measurement bandwidth over all distances. The factor n is the path-loss factor expressing the distance dependence and k is the path-loss factor expressing the frequency dependence of the path-gain. The error term ε, is a random variable modelled in Section 3.2. In the following, we extract results for the values of n and evaluate the accuracy of (5).
Estimation of Path-loss Factors
The data analysis procedure for the calculation of the path-loss characteristics is provided in [20] . It is assumed that the distance dependence of the path-gain follows the log-distance model with lognormal shadowing, as in narrowband models [2, 8, 11, 14] . In order to examine the variability of the distance dependent path-loss factor over different frequency bands, the frequency spectrum was divided into the different bandwidths (BW ) of 0.75, 1.5, 3 and 7.5 GHz. A set of different carriers f sub c was associated to each of these values, as shown in Table 2 , and the path-loss factor values for all these pairs of BW, f sub c was calculated. Therefore, for each bandwidth there are several path-loss factor values that correspond to different central frequencies, e.g., for 0.75 GHz there are 10 values. Table 3 contains the average values of the corresponding path-loss factor estimated at different bandwidths. As observed from the first column of Table 3 , the path-loss factor n varies between 0.20 and 1.52 with a total average value for all the campaign equal to 0.61. The average values in LOS and NLOS scenarios are 0.52 and 0.93, respectively. The general, prevailing tendency is the following: The value of n is well below 2 and in most scenarios lower than 1. This is due to the propagation in a multipathrich environment as that in a perfectly conducting configuration found in the C130 aircraft. The numerous multipath components arrive at the receiver from all directions. Therefore, a coherent addition of arriving waves increases the received power and leads to very low pathloss factors. Similar behavior was observed in industrial environments reported in [22] where the path-loss factor was found to be equal to 1.1. In the passenger cabin campaign of [15] path-loss factor n varied between 1.7 and 2.6. Typical values for the path-loss factor that express the distance dependence range from 1.18 to 2.69 [8] , 1.7 Table 3 , one observes that in most cases the value obtained using the 7.5 GHz bandwidth is close to the average value calculated for smaller bandwidths. Furthermore, if each scenario is examined separately, it is observed that the pathloss factor n attains its maximum value in the vicinity of the higher frequency centers. This value is increased as the frequency center moves to a higher frequency area, as expected. Exactly the opposite phenomenon occurs in the NLOS scenarios, and this is due to the behavior of the material that shadows the LOS signal. The same trend is reported in [10] . Sample data of a LOS and NLOS scenarios are tabulated on Table 4 which contains the calculated values of the corresponding path-loss factor at different central frequencies.
For the frequency dependence of the path-loss a log-frequency model with lognormal variation is assumed [20] . Theoretically, one expects that provided the antenna effects are removed, then the path loss is frequency dependent due to the fact that reflection, diffraction, material penetration and other propagation mechanisms are indeed frequency dependent. For the calculation of the path-loss factor k, one needs to determine how the path-gain decreases with frequency whereas the rapid variations of the path-gain in consecutive frequency samples, i.e., the frequency selectivity of the channel should be removed. Therefore, the local mean values were computed by independent frequency samples following the de-correlation procedure described in detail in [20] . Path-loss factor k varied between 1.49 and 2.08 having a total average value of all the campaign equal to 1.87. The standard deviation σ f for all the measurements is 1.19 dB. The average value of k is 1.81 and 2.05 in LOS and NLOS scenarios respectively. The average value of its standard deviation is 1.13 dB in LOS and 1.38 dB in NLOS scenarios.
Total Path-loss Model Validation
The total path-gain, P G dB (f, d) given in (5) is written as a sum of a deterministic term and a random variable, ε, that represents the error with respect to the measured value. For any frequency f in the range from 3.1G Hz to 10.6 GHz and for any distance d in the Tx-Rx distance range covered in each measurement scenario, two values are compared: the measured P G meas (f, d) recorded by VNA and the deterministic term P G est (f, d). The error is calculated as the difference of the two values. The mean value of the error was found to vary between −0.23 dB and −3.03 dB, with a total average value for all the campaign equal to −1.93 dB, as shown in Table 5 .
In particular, for the LOS scenarios the mean value of error was found to be −1.86 dB whereas for NLOS −2.07 dB. Furthermore, the standard deviation of error varied between 5.06 dB and 5.92 dB, i.e., similar values were observed in LOS and NLOS scenarios, having a total average value for all the campaign equal to 5.4 dB. The error term ε, was found to follow the smallest extreme value Type I distribution (sometimes called Gumbel distribution), the probability density function of which is given by
where α is the location parameter and β is the scale parameter of the distribution. The Gumbel distribution is appropriate for modeling the error since it is skewed to the left, i.e., there are few small values in the lower tail and many more values in the upper tail of the error values population, as shown in Figure 3 . This is justified by the fact that the deterministic term provides a smoothed estimate and the smallest extreme values are not modeled. Therefore, the deterministic term overestimates the path-gain and the smallest extreme values are incorporated by the Gumbel random variable. The location parameter of the Gumbel distribution ranges from −0.41 dB to 2.15 dB, with an average value of 0.57 dB over all 
TIME DISPERSION PARAMETERS
The discrete time impulse response was selected to model the wideband channel and the corresponding multipath components. In this model the multipath delay axis is discretized into equal slots called bins. The width of each bin is ∆τ = τ i+1 − τ i , and is determined by the measurement resolution which in turn is dictated by the measurement bandwidth. In this measurement campaign the bandwidth swept by the VNA was 7.5 GHz and the corresponding delay bin width was 133.3 ps. All multipath components received within the ith bin are represented by a single resolvable multipath component with delay τ i . The relative delay of the ith MPC as compared to the first arriving path is the excess delay, and, the maximum excess delay of the propagation channel is given by N ∆τ where N is the total number of possible resolvable multipath components. The maximum value of resolvable MPCs is 6401 and the maximum value of the excess delay is 853,47 ns. The received signal consists of a series of attenuated, time-delayed and phase-shifted replicas of the transmitted signal. Assuming that the rate of the variation of amplitude and phase is slow in comparison to the measurement time interval, the involved parameters can be treated as time-invariant random variables within a measurement period. The measured channel in the airplane was stationary and is modeled by the time-invariant channel impulse response (CIR),
where a i (τ ), φ i (τ ), τ i are the real amplitude, the phase and the excess delay, respectively of the ith MPC. The complex baseband CIR h (τ, d l ) was calculated by inverse Fourier transform (IFFT) of the measured CTF samples H (f i ; d l ). Prior to Fourier transform, an average CTF over the 32 snapshots of the CTF measured at each spatial point was calculated and Hamming windowing of the CTF samples was performed. Windowing improves the dynamic range of the time domain and produces an impulse stimulus with lower sidelobes but wider pulse width. The time dispersion modeling of the channel is based on the power delay profile (PDP).
The following processing steps were applied to the CIR. First, the CIR was normalized to its maximum value; then, the power delay profile was calculated as
Next, the MPC with the maximum power was identified and located at the origin of the delay axis, whereas all MPCs were normalized in power with respect to the first MPC. It should be mentioned that in all calculated PDPs the first component was also the most significant one. The time dispersion parameters presented herein were calculated for each distance of each measurement scenario. The calculation was based on the PDPs after applying a threshold value with respect to the strongest MPC. All MPCs with power lower than the threshold value were discarded. Several threshold values were applied varying from −20 dB to −50 dB with a step of 10 dB and various parameters values are presented. The noise floor in the measurement campaign was at least 70 dB below the maximum recorded value. Figure 4 depicts an example of a local PDP calculated from measurements in scenario 7 and at a transmitterreceiver distance of 2.2 m after applying the cutoff threshold of −40 dB. The threshold value applied at the PDP limits the maximum excess delay and consequently determines the length of the cyclic prefix in a OFDM based UWB communications system. [14, 17] .
In the following the time dispersion parameters for all threshold values are calculated. The mean excess delay (m.e.d.) τ m , is defined as the first moment of PDP. The r.m.s. delay spread (r.m.s.d.s.) τ rms is the square root of the second central moment of PDP,
The average values of the mean excess delay of all the campaign is 32.6, 20.1, 9.6, and 3. [20] were calculated for a threshold value of −70 dB. In all measurement scenarios as the distance between TX and RX antennas increases, the value of all time dispersion parameters increases too. The same trend was observed in [22] , and in [23] [24] [25] . Typical values of the r.m.s. delay spread recorded in industrial environments range from 28 to 31ns for LOS scenarios and 34 to 40 ns for NLOS scenarios [22] . Measurements in high-rise apartment environments [26] have showed that the mean r.m.s. delay spread ranges from 10.36 to 45.55 ns for 4-bedroom apartments. Table 6 presents the average values of the time parameters, the number of MPCs and the energy they carry for LOS, NLOS and all the campaign scenarios respectively. The fine measurement delay resolution imposes a requirement for a large number of RAKE fingers. A partial-RAKE receiver structure that collects the energy from the first MPCs in the PDP is more appropriate for this dense channel.
The number of fingers required to capture more than the 90% of the energy is several hundred.In the following, the relation of the number of MPCs and r.m.s. delay spread is examined. It is observed Typical values of the exponents b1, b2 for a LOS and a NLOS scenario are given in Table 7 . Next, the relation between the average number of MPCs,N over all static measurements in all scenarios and the corresponding average r.m.s. delay spread in the C130 airplane is investigated. The trend is the same as shown in Figure 5 and a power law as,N ∝τ c rms can be used. The values of the exponent c for all threshold values are tabulated in Table 7 .
Next, the dependence of r.m.s. delay spread on TX-RX distance is investigated. It is observed that r.m.s. delay spread increases with distance, or equivalently r.m.s. delay spread and path loss increase jointly. This is depicted in Figure 6 , where measurement results from Table 8 . 
Temporal Correlation
The temporal correlation between adjacent MPC amplitudes in a PDP was estimated using spatial averaging. The temporal correlation coefficient is defined as
where, a k and a k+1 are the amplitude of the kth and the (k + 1)th bin respectively andā k andā k+1 are the corresponding spatially averaged values. For each scenario the value of ρ a k,k+1 was calculated for all possible values of k, i.e., for all adjacent bins. The mean value over these delay taps and over all measurement scenarios was then found to be less than 0.15. This implies that the temporal correlation effect is negligible. Although this observation is in conflict with the anticipated behavior in indoor environments [12] , it is reasonable since a large number of scattering objects are uniformly distributed in the airplane and therefore, different MPCs correspond to different and resolvable scatterers that result in a low degree of correlation. In the passenger cabin campaign of [17] the mean value of the temporal correlation for the different delay taps was found to be equal to 0.13. Similar results were recorded in [15, 27, 28] .
STATISTICAL MODELING
Many channel investigations [8, 12, 14, 21, 28] , have concluded that the MPCs have the tendency to arrive in multiple clusters following, with some modifications, the well-known Saleh-Valenzuela (S-V) model [13] . In [27] the authors propose the single cluster approach with exponential delay profile, whereas in [29] an exponential-lognormal model as a variation of the single cluster approach was postulated. In [30] the authors compare the three models and highlight the pros and cons for each. In this paper the authors selected the S-V model to characterize the clustering phenomenon and evidence supporting this choice is provided in this Section. The S-V model assumes that
where a k,l is the multipath gain coefficient of the kth multipath component in the lth cluster, T l is the delay of the lth cluster i.e., the time of arrival (TOA) of the first arriving MPC within the lth cluster, and τ k,l is the delay of the kth MPC relative to the lth cluster arrival time T l . The phases φ k,l are uniformly distributed in [0, 2π] . K l is the number of rays within the lth cluster and L is the number of clusters that depends mainly on the measurement bandwidth and on the specific environment. The profiles used for the S-V model parameter extraction were calculated as an average of local PDPs measured at several distances in a measurement scenario. Therefore, a single APDP is used for each scenario. The model parameters were estimated after a threshold of −40 dB was applied to the resulting APDP. Figure 8 depicts the APDP of a LOS scenario without applying any cutoff threshold, whereas Figure 9 depicts the same APDP after applying the cutoff threshold of −40 dB. The model parameter values are strongly dependent on the threshold value. The number of clusters, as well as the tendency the power is decaying with, greatly varies with the selected threshold. This explains, in the first place, the different structures of the models proposed in the literature. In this paper the threshold value of −40 dB was adopted because the energy carried by the rays included in this window approaches 99% of the total energy in the APDP. The first task of every statistical channel modeling procedure is to identify the clusters. It is apparent that the position and the size of clusters depend on the specific structure of the measurement campaign environment. The cluster identification employs statistical techniques. The automatic identification of the cluster regions is a very difficult procedure with questionable results and thus it is common for clusters to be identified by eye inspection. This procedure was followed in this work also. The onset of a new cluster was marked by a sudden and pronounced step in the received power. Each cluster was defined from the time of arrival (TOA) of its first arriving MPC and the amplitude of this first MPC was the peak amplitude of the cluster. From Figure 9 one can determine 7 different clusters. It was observed that in LOS scenarios the number of clusters varied from 7 to 14, while in NLOS scenarios the number of clusters varied from 16 to 18. In [2] the researchers measured only one cluster in an indoor environment campaign, using a bandwidth of 1.25 GHz around a frequency center of 5 GHz, while in [28] 1 to 6 clusters were identified in LOS scenarios and 1 to 8 clusters in NLOS apartments. In [4] up to 14 clusters were reported. In the industrial environment investigated in [21] 4 to 6 clusters where reported. The increased number of clusters found in this campaign is due to the dense metallic environment of the C130 airplane. Large average number of clusters are also given in [14] for outdoor channels. In the passenger cabin campaign of [17] the shape of the PDP generally follows the single cluster model with one or more spikes within 30ns of the leading edge of response.
Mean Cluster Arrival Rate Λ and Cluster Exponential
Decay Factor Γ Estimation.
According to the S-V model the cluster inter-arrival time is described by the exponential probability density function (pdf) given by: where Λ is the mean cluster arrival rate. Λ, T l , l are classified as intercluster parameters. For the estimation of the mean cluster arrival rate Λ the following procedure was followed: The cluster arrival rate Λ was computed by measuring the cluster inter-arrival times ∆T l = T l − T l−1 for each APDP, with Λ = 1/∆T l where ∆T l is the average value over all l within every APDP. The value of cluster arrival rate 1/Λ was found to be 6.02 ns for the LOS scenarios and 9.95 ns for the NLOS scenarios, respectively. Figure 10 presents the complementary cdf of the cluster inter-arrival times and the corresponding best exponential fit for all LOS scenarios.
Having identified all the clusters of the campaign one may calculate the decay exponent of the clusters Γ. The value of Γ is determined from the best fit regression line of the first multipath component amplitude of each cluster. The decay factor is calculated as Γ = 10 m Γ ln 10 , where m Γ is the negative slope of the regression line on the dB scale. Figure 11 depicts the cluster relative power versus the delay for all the LOS and NLOS scenarios of the campaign and also the regression line fit of the power of the LOS and NLOS scenarios of the campaign. The estimated values of the cluster exponential decay factor Γ was 12.89 ns and 28.95 ns for LOS and NLOS scenarios respectively.
Mean Ray Arrival Rate λ and Ray Exponential Decay Factor γ Estimation.
A number of different models have been proposed for the rays' inter arrival times within a cluster such as the regularly spaced arrival times [22, 27] , the Poisson arrival times [13] , and the mixed Poisson process [28] . The dense metallic environment of the C130 airplane produces a very large number of multi-path components. As it is impossible to resolve the energy of each multi-path arrival by an inverse Fourier transform of the measured data we used the tapped delay line approach, i.e., every delay tap contains energy. As explained in Section 4, all multipath components received within a bin are represented by a single resolvable multipath component with the same delay. In this way, the regularly spaced arrival time model is adopted in this work and the ray arrival rate is equal to the bin duration i.e., λ = 133.3 ps.
By thorough examination of the APDPs from all LOS scenarios, it was observed that the power decay in the first cluster was different from the decay in subsequent clusters. If one calculates a common γ value for all clusters, then the resulting value would overestimate the power of rays in the first cluster. Therefore, we decided to use two different values for the power decay factor γ, one for the first cluster denoted γ 0 and one for the subsequent clusters. This applies only to LOS scenarios. Due to the limited measurement data in NLOS scenarios the reliability of a similar model would be questionable for NLOS environments. In order to estimate the decay exponent γ of the rays of the LOS and NLOS scenarios, the values of the normalized power of the rays of all LOS and NLOS scenarios and their relative delays were superimposed and plotted. Then, the method described for the estimation of the decay exponent of the clusters Γ was followed and the decay exponent of the rays of LOS and NLOS scenario was estimated as γ = 10 mγ ln 10 , where m γ is the negative slope of the regression line on the dB scale. A similar procedure was followed for the γ 0 factor considering the rays only from the first cluster. The value of the ray exponential decay factor γ 0 is 0.54 ns for LOS, whereas the value of γ is 31.02 ns and 35.95 ns for LOS and NLOS scenarios, respectively. The regression line fitting of the power of rays of LOS scenarios is depicted in Figure 12 . Table 9 summarizes the modified S-V model parameters of the campaign. Weibull fit for 25nsec 50nsec Weibull fit for 50nsec 100nsec Weibull fit for 100nsec Figure 13 . CDF plot of the amplitude of rays in a LOS scenario at specific time delays.
apartments [28] , 21.28 ns in residential areas [14] , and 15.83 ns in industrial LOS environments [22] . For NLOS cases the reported values range from 15.65 to 21.45 ns [28] , and from 12.53 to 16.00 ns [21] . In [14] a typical value reported is 8.33 ns. Typical values of clusters exponential decay factor Γ range from 22.1 to 51.47 ns [28] , and from 12.62 to 29.78 ns [22] . The value of Γ reported in [14] is 22.61 ns for LOS scenarios and 26.27 ns for NLOS scenarios. Typical values of rays exponential decay factor γ range from 14.27 to 38.62 ns [28] , and from 12.53 to 17.50 ns [14] , whereas in [22] a different γ value was considered for each cluster.
Distribution of MPCs Amplitude.
Many UWB measurement campaigns [5, 21, 27, 28, 31] for indoor channels have reported small-scale amplitude fading statistics that follow various distributions e.g., Nakagami, Rayleigh, Rice and Weibull. The scope of this subsection is to investigate which of the most frequently reported distributions fit the measured data of this campaign. Three LOS and two NLOS scenarios were chosen for the small-scale fading characterization. The data values used for this purpose are acquired using a 1 cm measurement step. The CTF was recorded at 100 consecutive spatial points and the same processing steps given in Section 4 were followed to produce the power delay profile. Setting a threshold value of −40 dB in power, the remaining non-zero amplitudes of the delay bins in the channel impulse response were selected. The amplitude values that correspond to the same delay bin were collected and formed a data vector, the distribution of which was compared to a hypothesized distribution. The KolmogorovSmirnov (K-S) hypothesis test was used to determine the fitting effectiveness of the hypothesized distributions at 5% significance level. The null hypothesis for the K-S test is that the amplitude follows a predefined distribution. The result of the test is a logic one if one can reject the hypothesis that the amplitude follows the hypothesized distribution and logic zero otherwise. The test was performed to all delay bins and for all distributions shown in Table 10 . The percentage values shown in this table correspond to the percentage of delay bins for which the result of the test was a logic zero and therefore the population distribution from which the data sample is drawn conforms to the hypothesized distribution. This percentage value is called passing rate of the K-S test for the specific distribution.
Observing the passing rates one may conclude that the Weibull distribution has the highest passing rate in all the different scenarios of the campaign. The same trend appears in [28, 31, 32] . The question that arises is related to the poor fitting results of Rayleigh and Rice distributions given that a large number of MPCs are present in the body of the airplane.
Rayleigh distribution is used to describe the short-term signal amplitude variation under the assumption of homogeneous diffuse scattering field, resulting from randomly distributed point scatterers around the receiver. In particular, assuming [33] a large number of partial waves, identical partial wave amplitudes, no correlation between different partial waves, no correlation between phase and amplitude of one partial wave, and uniform phase distribution on [0, 2π], the central limit theorem leads to a complex Gaussian distribution for the complex envelope. Therefore, if h = x + jy = re jϕ models the complex Gaussian process, x, y are Gaussian-distributed variables with zero mean and equal variance. This implies Rayleigh distribution of the envelope that changes to Rice distribution if a strong constant amplitude is superimposed. In [34] it was clearly stated that the phase correlations of the partial waves due to the scattering from the spatially correlated surface make the assumption of a homogeneous phase distribution invalid, resulting in different amplitude distributions. The spatially correlated surface implies a non-linear propagation environment [35] . The resulting envelope is obtained as a nonlinear function of the modulus of the process h. The non-linearity is manifested in terms of a power parameter b > 0, such that the envelope r = |h| can be expressed as a power transformation of a Rayleigh distributed random variable. For the Weibull fading model, the complex envelope can be written as a function of the Gaussian in-phase and quadrature components
where a b = E r b is the average fading power and b expresses the fading severity (b > 0). As b increases the fading severity decreases and for b = 2 reduces to Rayleigh distribution. In the propagation environment of the military airplane under investigation, the applicability of the Weibull distribution is justified as follows: the received complex envelope in each delay bin is a summation of a large number of coherently scattered waves. This happens since the bandwidth used is large (7.5 GHz) and the corresponding delay resolution is fine (133.3 psec). Therefore, the partial waves arriving in each delay bin originate from scattering from smooth and thus spatially correlated surfaces, and the phases of these waves are correlated. This leads to non-linear propagation environment and the Weibull distribution of the envelope is a reasonable choice. Figure 13 depicts the cdf of the MPCs amplitudes of a LOS scenario for the time delay bins of 25 nsec, 50 nsec and 100 nsec respectively. The continuous lines correspond to the Weibull distribution used to fit the empirical data with parameters (a, b) given by (0.013, 1.01), (0.006, 0.96) and (0.002, 1.04) respectively for the three bins. The estimated parameters (a, b) of the Weibull distribution for all examined scenarios are random values. Indeed, the b-shape parameter was found to follow the lognormal distribution with mean, µ b and standard deviation, σ b given in Table 11 . The same behavior was reported in [28] . It was observed that in NLOS environments the b-shape parameter is smaller than in LOS scenarios and therefore the fading phenomenon is more severe, leading to worse probability of error performance. Moreover, the mean value of the b-shape parameter is close to one, implying worse than Rayleigh fading conditions. This result implies that diversity schemes are required to provide a steep slope of the BER-vs-SNR curve. In the passenger cabin campaign of [17] , the small scale fading of the MPCs tends to follow a Nakagami distribution with a lognormally-distributed m parameter that is close to 0 dB which corresponds to Rayleigh fading with small variance. 
Simulation of Power Delay Profiles
In order to assess the validity of the proposed model and verify that the channel simulator produces convincing results, an ensemble of PDPs were generated using parameters extracted from specific LOS scenarios. The comparison to the measurement results is based on the form of the APDPs as well as the cdf of the r.m.s. delay spread. Although these criteria do not ensure that the regenerated PDPs yield the same link performance results with the measured PDPs [30] , they provide an indication on the resemblance of the statistical properties. Figure 14 presents the comparison of measured and simulated APDPs for parameters extracted from two LOS scenarios. The two profiles compare well. Figure 15 presents the cdf of the the r.m.s. delay spread for all the LOS scenarios. One observes that the measured data preserve greater variance. This is expected since the measured data are calculated from different spatial positions of the LOS scenarios. 
CONCLUSION
This paper presented results obtained from an UWB measurement campaign in a Hercules C130 military cargo airplane. The main conclusions drawn from the investigation are the following: The pathloss factor n increases with the carrier frequency, is well below 2 and in most cases below 1. This is due to the propagation in the multipathrich environment of the C130 aircraft and offers the capability to extend the range of the system. The sub-bands undergo different attenuation and this cannot be resolved by increasing the power of specific higher frequencies. Thus, either new modulation and coding schemes, or division of the available frequency band into sub-bands is required. Using these empirical results for n, k the accuracy of the proposed model for the path-gain calculation was calculated. The path-gain is written as a sum of a deterministic term and a random variable that represents the error with respect to the measured value. This error follows the Gumbel distribution. In all measurement scenarios as the TX-RX distance increases the value of all time dispersion parameters increases too. The cutoff threshold of −20, −30, −40, and −50 dB below the strongest path in each PDP determines the amount of energy and the population of MPCs. The number of multipath components is greater in NLOS scenarios. The number of MPCs is well above the values presented in the literature due to the conductive cavity of the military airplane. In all scenarios, as the threshold moves from −50 dB to −20 dB, the values of all time dispersion parameters decrease. These values tend to increase with the TX-RX distance in LOS environments. The threshold value applied at the PDP limits the maximum excess delay and determines the length of the cyclic prefix in a OFDM based UWB communications system. A power law was employed to model the relation between the number of MPCs and the r.m.s. delay spread. An increase in r.m.s. delay spread was observed with increasing pathloss. The temporal correlation effect in the airplane's environment is negligible because the scattering objects are uniformly distributed. A modified S-V model was used to describe the clusters and rays in the spatially averaged PDP of each measurement scenario. The proposed modification refers to the different decay factor of the power of rays in the first cluster as compared to subsequent clusters. Moreover, the best fit to the amplitude distribution of the MPCs was found to be the Weibull distribution. The number of clusters identified in all scenarios is large. The increased number of multipath components in the examined environment leads to a dense channel providing increased energy at the receiver but with severe fading, since the bshape parameter of the Weibull distribution is close to one, implying worse than Rayleigh fading conditions. Therefore, diversity schemes are required to provide a steep slope of the BER-vs-SNR curve. Finally, a partial-RAKE receiver structure that collects the energy from the first MPCs in the PDP is more appropriate for this dense channel. The number of fingers required to capture more than the 90% of the energy is several hundred.
